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Abstract: The human epidermal growth factor receptor 2 (HER2/neu) is overexpressed 
in 20-30% of breast cancers and is associated with tumor growth, angiogenesis, and 
development of distant metastases. Trastuzumab, an anti-HER2 monoclonal antibody, is 
used for the treatment of HER2 positive breast cancer and clinical efficacy of this agent is 
dependent on HER2 expression. Targeted PET imaging of HER2 with radiolabeled 
trastuzumab may be used to determine HER2 expression levels and guide therapy 
selection. The purpose of the current study was to evaluate a facile ^^Zr-trastuzumab 
preparation method that can be efficiently applied for clinical grade production. Also, 
relative HER2 expression levels in orthotopic and metastatic breast cancer models were 
assessed by PET imaging using the ^^Zr-trastuzumab produced by this simpler method. 
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1. Introduction 

The human epidermal growth factor receptor 2 (HER2) is a member of the epidermal growth factor 
receptor (EGFR) tjo-osine kinase family [1]. Heterodimerization of HER2 with other members of the 
EGFR family promotes cell proliferation, survival, and migration. HER2 gene amplification and 
overexpression of HER2 protein is present in multiple malignancies including 20-30% of invasive 
breast cancers [2-5]. The association of HER2 with resistance to hormone therapy, chemotherapy, and 
conventional radiation therapy makes it an attractive target for breast cancer treatment [2,3,6]. 

Trastuzumab (Herceptin™, Genentech, South San Francisco, CA, USA) is a monoclonal antibody 
that targets the extracellular domain of HER2 and is widely used for the treatment of HER2 positive 
breast cancer [7]. The standard of care for locally advanced HER2 positive breast cancer is combination 
treatment with trastuzumab, chemotherapy, and radiation therapy [8]. In addition to use as a first-line 
therapy, trastuzumab is used in the recurrent and metastatic settings [7]. An improvement in survival 
was seen in patients with HER2 positive metastatic disease receiving trastuzumab [9,10]. 

Although multiple studies have confirmed that trastuzumab is beneficial for the treatment of HER2 
positive breast cancer [3,7,9-1 1], the clinical efBcacy is dependent on the level of HER2 expression [12]. 
Two FDA-approved techniques exist to evaluate HER2 expression level, including immunohistochemistry 
(IHC) and fluorescence in situ hybridization (FISH) [13]. Discrepancies have been observed between 
the two methods [14]. In addition, HER2 expression can vary over the course of therapy [15,16] and 
over the course of the disease [15]. HER2 expression has been demonstrated to be discordant between the 
primary lesion and distant metastatic lesions, and, moreover, may vary across metastatic lesions [17-20]. 
Thus, the use of repeated biopsies during the course of the disease may not be clinically feasible due to 
their invasiveness and not all lesions are readily accessible to be biopsied [21]. Therefore, a method 
that can reliably detect HER2 expression in individual lesions would be of critical importance in 
identifying patients who benefit from HER2-targeted therapy. Molecular imaging is a potentially less 
invasive solution for HER2 determination [22-26]. 

The development of radiolabeled antibodies and antibody fragments for cell-surface receptor 
detection is an active area of research [27]. Trastuzumab has been radiolabeled with ^^^In, ^"^Cu, and *^^Zr, 
for in vivo SPECT and PET imaging of HER2 in xenograft models of ovarian and breast cancer [22-25]. 
Zr is an ideal radionuclide for evaluation of intact antibodies because the extended half-life of 

QQ 

Zr (74.8 h) allows for imaging at 72-120 h when antibodies begin to equilibrate in the body [28]. 
Multiple studies have evaluated the use of ^^Zr for studying antibody biodistribution [28-32]. 

QQ 

Dijkers et al. studied the biodistribution of Zr-radiolabeled trastuzumab in 14 patients with HER2+ 

QQ 

metastatic breast cancer [28] and demonstrated the feasibility of Zr-trastuzumab to detect HER2 
expression in vivo. They utilized a multi-step procedure with a succinylated derivative of the bifunctional 
chelator, desferrioxamine B (iV-sucDf), for conjugation to trastuzumab and subsequent radiolabeling 

QQ 

with Zr [33]. Recently, a simpler method of chelator-antibody conjugation chemistry was described 
with the /?-isothiocyanatobenzyl derivative of desferrioxamine B (Df-Bz-NCS) [34,35]. This two-step 
production method may be readily applied to good manufacturing production of Zr-trastuzumab. The 

OQ 

purpose of the current study was to evaluate the facile preparation method for Zr-trastuzumab 

QQ 

production and the utility of Zr-trastuzumab, as prepared by this two-step production method, to 
characterize HER2 expression in orthotopic and metastatic breast cancer models. 
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2. Experimental Section 



2.1. Flow Cytometry 



MDA435/LCC6' 



HER2/GFP/LUC 



(HER2+) and MDA435/LCC6 



Vector 



(HER2-) cell lines, which overexpress 



and minimally express HER2/neu, respectively, were generous gifts from Dawn Waterhouse 
(BC Cancer Agency, Vancouver, BC, Canada). The HER2+ cell line constitutively expresses luciferase 
allowing for bioluminescent imaging in the presence of luciferin. Cells were grown in Dulbecco's 
Modified Eagle Media supplemented with 10% fetal bovine serum until 80% confluent. Cells were 
harvested with Cell Dissociation Buffer (Invitrogen, Carlsbad, CA, USA), washed with PBS, and 
incubated on ice with 20 |a.g/mL trastuzumab. After 1 h, cells were washed with PBS and 
incubated with Alexa Fluor 546 goat anti-human IgG (Invitrogen) for 30 min. HER2 expression was 
analyzed (30,000 events collected) with the FACSAria Flow Cj^ometer (Becton Dickinson, Franklin 
Lakes, NJ, USA). 

89 

2.2. Zr Production and Antibody Labeling 

on on on 

Zr-oxalate was produced via the Y(p,n) Zr transmutation reaction on the CS-15 cyclotron 

on 

(Cyclotron Corporation, Berkeley, CA, USA) as described previously [33,36]. The resulting Zr-oxalate 
was produced with a specific-activity of 8.1-15.4 GBq/|a.mol (220—418 mCi/^mol). Trastuzumab was 
incubated with Df-Bz-NCS (Macrocychcs, Dallas, TX, USA) in 0. 1 M NaHCOs buffer pH 9.0 at room 
temperature for 30 min in a 1:5 molar ratio. The resulting product, Df-Bz-NCS-trastuzumab, was 

on 

purified via Zeba Spin Desalting Columns (Pierce Biotechnology, Rockford, IL, USA). Zr was 
complexed with Df-Bz-NCS-trastuzumab at a ratio of 0.22 MBq/|a,g (6 |xCi/|a.g) of antibody in 0.5 M 
HEPES buffer pH 7.0 at 37 °C for 1 h with constant agitation on an orbital mixer. Approximately 100 \ig 

on 

of antibody was used per reaction. Zr-trastuzumab was purified with Zeba Spin Desalting Columns 
and radiochemical purity was determined by radio-TLC using a mobile phase of 50 mM DTP A and 
analytical size-exclusion chromatography (Superose 12 10/300 GL, GE Healthcare, Piscataway, NJ, 
USA) with 20 mM HEPES and 150 mM NaCl (pH 7.3) eluted at a flow rate of 0.75 mL/min. 
Millenium 32 software (Waters, Milford, MA, USA) was used to quantify chromatograms by integration. 

2.3. Immunoreactive Fraction 

The immunoreactive fraction of ^^Zr-frastuzumab was determined using a cell-binding assay, as 
previously described by Lindmo et al. [37]. HER2+ cells were suspended in micro fLige tubes at 
increasing concentrations ranging from 0.5 to 5 x 10^ cells in 500 i^L PBS. Approximately 37 kBq/0.25 |xg 
of **^Zr-trastuzumab in 50 |a.L were added to each tube (n = 3) and agitated on an orbital mixer 
for 60 minutes at 25 °C. Cells were pelleted by centrifugation, washed twice with PBS, and subsequently 
counted for ^^Zr activity. The specific binding was calculated as the ratio of bound radioactivity to the 
total amount of administered activity and was background corrected. To determine binding specificity, 
similar studies were performed with the addition of 100 \xg of non-radiolabeled trastuzumab in HER2+ 
cells and also in HER2- cells. 
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2.4. Animal Studies 

4 X 10^ HER2+ or HER2- cells were injected into the mammary fat pad of athjmiic nude mice 
6-8 weeks of age. Tumors grew for 6 weeks until they reached approximately 10 mm in greatest 
dimension. A metastatic model was created by injection of 2 x 10^ HER2+ cells into the tail vein of 
athymic nude mice as previously reported [38]. As the HER2+ cells constitutively express luciferase, 
bioluminescent imaging was performed 6 weeks after tail vein injection to evaluate the development of 
metastatic lesions. 

2.4. 1 . Biodistribution Studies 

In vivo biodistribution studies were performed to determine the uptake of Zr-trastuzumab in 
HER2+ and HER2- tumors in relation to normal organs. 0.55 MBq (15 |xCi)/3,75 |Xg of Zr-trastuzumab 
was administered via intravenous tail vein injection. Mice were sacrificed at 24 and 96 h post- injection 
by cervical dislocation and tumor and select organs were harvested. Specific uptake for each tissue was 
measured with background and decay correction and expressed as % injected dose per gram of 
tissue (% ID/g) as calculated by normalization to the total activity injected. 

2.4.2. MicroPET/CT Studies 

MicroPET/CT experiments were performed with the Inveon MicroPET/CT scanner (Siemens, 
Knoxville, TN, USA). Mice were administered ^^Zr-trastuzumab(3.0-3.7 MBq (80-100 nCi)/20-25 |xg 
in 100 |xL 0.9% sterile saline) via tail vein injection when orthotopic tumors reached 10-15 mm in greatest 
dimension or when bioluminescent areas were observed on the BLl scans for the metastatic model. 
At 24 and 96 h post-injection, mice were anesthetized with 2% isoflurane and imaged. Static images 
were collected for 20 min and co-registered with image display software (Inveon Research Workplace 
Workstation, Siemens, Schenectady, NY, USA). Regions of interest were drawn and the mean 
standard uptake values for tumors were determined using the formula: SUV = [(MBq/mL) x (animal 
wt. (g))/injected dose (MBq)]. 

2.5. Immunohistochemistry 

Tumors were harvested after completion of MicroPET/CT imaging studies and immediately fixed 
in 10% formalin. After allowing for the radioactivity to decay to background levels, tumors were 
embedded in paraffin. Five-micron sections were prepared and blocked in Dako Protein Block 
(Dako, Carpinteria, CA, USA) for 30 min at room temperature. Antigen retrieval was performed in 
citrate -based buffer using a pressure cooker (Biocare Medical). The sections were incubated with 
rabbit polyclonal anti-HER2 primary antibody (1:200, Abeam, Cambridge, MA, USA) overnight at 4 °C 
and visualized with Alexa Fluor 555-conjugated goat anti-rabbit IgG (1:200, Invitrogen). Sections 
were mounted were mounted with SlowFade Gold antifade reagent with 4,6-diamidino-2-phenylindole 
(DAPI) (Invitrogen) and cover slipped. Images were obtained with a Soft Imaging Solutions FVII cooled 
monochrome digital camera, Peltier cooled to -10 °C (Olympus America, Center Valley, PA, USA). 
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2.6. Statistical Analysis 

The unpaired, two-tailed Student's ^-test was utilized for data analysis. Differences at the 
95% confidence level (P < 0.05) were considered to be statistically significant. 

3. Results and Discussion 

3.1. Trastuzumab Conjugation, Radiolabeling, and Stability Testing 

89 

Trastuzumab was successfiiUy conjugated to Df-Bz-NCS and radiolabeled with Zr. The radiolabeling 
efficiency was 78.4% ± 11.3%), the radiochemical purity was 98.7 ± 1.2%, and the specific activity 
was 136.9 ± 22.2 MBq/mg (3.7 ± 0.6 mCi/mg) (n = 9). 

3.2. Flow Cytometry and Binding Studies 

To evaluate the relative expression levels of the HER2 expression on each cell line, flow cytometry 
was performed. MDA435/LCC6™^'^^''^^"' (HER2+) cells demonstrated elevated levels of HER2 
expression in comparison to MDA435/LCC6^'^'^*°'^ (HER2-) cells which demonstrated minimal 
expression (Figure 1). 

Figure 1. Flow cytometric analysis of HER2/neu expression. The MDA-MB-435-HER2-luc 
and MDA-MB-435 breast cancer cell lines were evaluated for HER2/neu expression. 
Trastuzumab was used as the primary antibody, and FITC-conjugated goat anti-human IgG 
was used as the secondary antibody. Data are shown as cell number on the ordinate access 
and HER2/neu intensity on the abscissa. 




MDA435/LCC6"ER2/GFP/Luc MDA435/LCC6V«tor 

■ HER2+ 
B HER2- 



The immunoreactive fraction of Zr-trastuzumabwas 95.6% (Figure 2A). The uptake of 

on 

Zr-trastuzumab was 8.5-fold greater in the HER2+ cells compared to the HER2- cells (P < 0.01) 
(Figure 2B). Pre-incubation with excess unlabeled trastuzumab significantly inhibited the uptake of 
Zr-trastuzumab in HER2+ cells (Figure 2B). 
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Figure 2. Cell binding studies. (A) Plot of the (totaLl^ound) activity versus (1 /[normalized cell 

OA 

concentration]), used to calculate the immunoreactive fraction of Zr-Df-NCS-trastuzumab 
in MDA-MB-435-Her2-luc cells by extrapolation to the y-intercept; (B) Cell uptake curves 
of Fraction bound versus normalized cell concentration in MDA-MB-435-Her2-luc and 
MDA-MB-435-luc. A blocking dose of unlabeled frastuzumab inhibited the binding of 



89 



Zr-radiolabeled trastuzumab. 
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3.3. Biodistribution Studies 



Biodistribution studies with Zr-trastuzumab were performed in athjmiic nude mice bearing 

on 

HER2+ or HER2- tumors. Uptake of Zr-frastuzumab in HER2+ tumors was elevated after 24 h 
(26.9 ± 1.04% ID/g) and continued to remain elevated at 96 h post-injection (28.83 ± 1.33% ID/g) 
resulting in tumor to muscle ratios (T/M) of 8.7 ±1.2 and 14.5 ± 2.9, respectively. In contrast, 

on 

Zr-trastuzumab uptake in HER2- tumors was significantly lower at 24 h (8.40 ± 0.72% ID/g) 
and 96 h (7.91 ± 0.96% ID/g) in comparison to HER2+ tumors (P < 0.001 at 24 and 96 h), resulting in 
T/M of 3.0 ± 0.4 and 3.4 ± 0.6, respectively. The circulating levels of ^^Zr-trastuzumab in the blood 
declined from 23.6 ± 2.4% ID/g at 24 h to 14.3 ± 2.1% ID/g at 96 h (P < 0.001). Bone uptake increased 
from 4.8 ± 0.5%ID/g at 24 h to 10.0 ± 1.4% ID/g at 96 h. The uptake for each selected organ at 24 and 
96 h is shown in Figure 3A,B, respectively. 
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Figure 3, Biodistribution of Zr-radiolabeled trastuzumab in MDA-MB-435-Her2-luc and 
MDA-MB-435-luc orthotopic xenograft models at (A) 24 h and (B) 96 h post-injection. 
Data are expressed as percent injected dose per gram ± standard deviation, n = 5 for each 
time point. 
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3.4. Imaging Studies 

MicroPET/CT imaging studies demonstrated high uptake of Zr-trastuzumab in HER2+ tumors when 
compared to HER2- tumors at 24 h and 96 h (Figure 4A,B, respectively). The uptake in HER2- tumors 

on 

was minimally increased compared to background. The SUVmean for Zr-trastuzumab for HER2+ and 
HER2- were 2.4 ± 0.3 and 1.4 ± 0.3 at 24 h (P = 0.003), and 3.1 ± 0.4 and 1.2 ± 0.1 at 96 h (P < 0.001), 

89 

respectively. The level of Zr-trastuzumab in the blood significantly decreased from 24 to 96 h 
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(SUVmean l.l ± 0.2 and 1.2 ± 0.3, respectively) as evidenced by visualization of the decreased radioactivity 
in the blood pool in the heart and the inferior vena cava. Uptake in the liver (SUVmean 0.82 ± 0.4) and 
kidney (SUVmean 0.58 ± 0.3) were low compared to HER2+ tumors at 96 h. 

Figure 4, Representative microPET/CT images obtained at 24 and 96 h in (A) and (B) 
respectively. Tumors implanted in the right mammary fat pad of each mouse. The axial (1), 
sagittal (2), and coronal (3) slices at the center of the tumor are demonstrated along with 
the maximal intensity projection reconstruction (4). The scale expressed as standardized 
uptake value (SUV) is demonstrated at the far right. 




Her2+ Day 4 Her2- Day 4 



For the metastatic tumor model, bioluminescent imaging demonstrated the development of metastasis 
in the jaw (SUVmean 2.6) and in the mid-thorax region (SUVmean 2.9). These lesions were readily 
visualized by microPET/CT demonstrating the potential use of ^^Zr-trastuzumab for characterizing 
HER2 expression in metastatic lesions (Figure 5). 
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Figure 5. Detection of Her2+ metastatic lesions. 2 x 10 MDA-MB-435-Her2-Iuc cells were 
administered via tail vein injection. Six weeks later, bioluminescent imaging (far right panel) 
demonstrated development of metastasis in the head and thoracic region. MicroPET/CT 

on 

imaging using Zr-radiolabeled trastuzumab was able to localize these lesions to the L jaw 
and thoracic vetebral body. Shown are the axial (A), sagittal (B), and coronal (C) slices at 
the center of the tumor. 




Bioluminescent 
Imaging 
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Sagittal 
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3.5. Immunohistochemistry 

To confirm that HER2 expression levels in tumors related to HER2 expression in vitro, 
immunofiuorescence staining was performed with an anti-HER2 antibody. Images were acquired 
under the same conditions and displayed on the same scale to ensure that the relative brightness 
observed in images reflected differences in HER2 expression level. A high level of HER2 staining 
(red) was seen in the HER2+ tumors when compared with the HER2- tumors. DAPI (blue) was used 
as the counterstain for the nucleus (Figure 6). 

3.6. Discussion 



on 

In the current study, elevated Zr-trastuzumab uptake was associated with the HER2 overexpression 
in breast cancer cells in both orthotopic mammary fat pad and metastatic tumor models. HER2+ tumors 
were clearly distinguished from HER2- tumors by microPET/CT imaging with this agent. Elevated 
^^Zr-trastuzumab uptake in HER2+ tumors in comparison to low normal tissue uptake resulted in high 
resolution images with excellent contrast between the tumor and normal tissues. The circulating blood 
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levels of *^^Zr-trastuzumab continued to decline over 4 days while the uptake in HER2+ tumors 
remained elevated. 

Figure 6. Immunofluorescent staining to evaluate the relative levels of HER2/neu 
expression for each tumor type. HER2/neu staining is demonstrated in red with a 
counterstain for the nucleus in blue. 




MDA-MB-435-HER2-IUC tumor 



HER2 
DAPI 



MDA-MB-435-luc tumor 



Previous studies utilized a multi-step procedure with a succinylated derivative of desferrioxamine B 
for conjugation to trastuzumab. Vosjan et al. have reported a simple, efficient method for the radiolabeling 

89 89 

of antibodies with Zr [35]. However, this procedure has not been evaluated for Zr-radiolabeling of 
trastuzumab. In the current study, the ^^Zr-radiolabeling of trastuzumab was completed in approximately 
3 h. The relative ease of the two-step procedure used in the current study makes it feasible for 
incorporation into good manufacturing practice grade production and for widespread clinical use. 
Both an orthotopic mammary fat pad and metastatic model was utilized in the current study. 

on 

Zr-trastuzumab produced with the simpler method was able to characterize HER2 expression in 
tumors from the orthopic and metastatic mouse models. While previous studies utilized heterotopic 
subcutaneous xenograft models for ovarian and breast cancer [24,39,40], the orthotopic model may be 
more clinically relevant by mimicking the tumor microenviroment and vasculature. Our results are in 
agreement with Dijkers et al., who reported an uptake value of -33% ID/g in HER2/neu positive 
hindlimb tumors. In contrast, Holland et al. reported 2.5-fold higher uptake values (-73-86% ID/g) in 
subcutaneous shoulder tumors [39]. These differences may be explained by the different levels of 
HER2/neu expression in the varying cell lines used between the studies and also by differences in 
tumor perfusion due to the different locations of tumor growth. 

The metastatic breast cancer model utilized in the current study was developed via tail vein 
injection of HER2+ cells. The development of tumors was initially monitored via bioluminescent 
imaging. This model is more of a measure of tumor invasiveness rather than metastasis as distant sites 
are not derived from cells migrating from a primary tumor. Despite this caveat, this model was suitable 
for evaluating the ability of ^^Zr-trastuzumab to detect HER2 expression in distant sites of disease. The 
3.3 day half-life of ^^Zr is ideal for imaging full, intact antibodies (150 kDa) which require multiple 
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days for equilibration as demonstrated in this study and previous studies [40]. Because Zr is 
relatively biologically inert, Zr-radiolabeled antibodies have low background uptake and improved 
stability in comparison to other radionuclides such as ^"^Cu, which is readily transchelated by liver 
superoxide dismutase resulting in elevated liver uptake, or some ^^'*I-radiolabeled compounds which 
are may be dehalogenated and taken up by the thj^oid. There is some residual bone uptake of 

QQ on 

Zr (5-10%) which may be attributed to a slow rate of intratumoral metabolism of Zr-trastuzumab 
leading to transmetalation of ^^Zr"*^ ions which are sequestered in the bone [39]. Further studies on the 

QQ 

metabolism of Zr-trastuzumab are underway by our group and others. 

QQ 

Zr-trastuzumab has significant clinical potential for the detection and characterization of lesions 
for HER2 status. Confirmation of HER2 status is necessary prior to initiation of trastuzumab therapy. 
Immunohistochemical staining and fluorescence-m-5zYM hybridization techniques from biopsy specimens 
taken at initial diagnosis are the current standards for determining HER2 expression [13]. However, 
tumor heterogeneity plays a significant role in breast cancer [41] and HER2 expression and gene 
amplification may vary across the primary tumor. Moreover, differences in the extent of HER2 
expression between the primary tumor and across metastatic lesions have been reported [17,42]. As 
demonstrated in this study, PET imaging with **^Zr-trastuzumab provides a comprehensive view of the 
HER2 status not only within the primary tumor, but also across metastatic lesions. PET imaging with 

QQ 

Zr-trastuzumab may assist in the stratification of patients by HER2 status for decision-making about 
trastuzumab therapy. With the increased costs of healthcare, a method to select patients that benefit 
fi-om trastuzumab therapy, while avoiding the unnecessary treatment of patients with low HER2 
expressing tumors could have an impact on cancer treatment. 

QQ 

Although beyond the scope of this study, PET with Zr-trastuzumab may improve the ability to 
detect lesions not previously detected on routine staging studies such as CT, MRI, or bone scan. In a 
feasibility study involving 14 patients with metastatic breast cancer, Zr-trastuzumab PET imaging 

QQ 

provided complementary information to CT, MRI, and bone scan [28]. Of note, Zr-trastuzumab PET 
imaging was able to reveal previously undetected brain metastases [28]. Determination of the 

QQ 

sensitivity and specificity of Zr-trastuzumab PET imaging and correlation with HER2 status in 
pathological human specimens will be challenging as it is unethical to subject patients to the 
discomfort of additional unnecessary biopsies. 

QQ 

Quantitative pre-therapy imaging studies with Zr-radiolabeled trastuzumab may also provide 
individualized pharmacokinetic and biodistribution information necessary to determine the optimal 

89 

dose of trastuzumab for each patient. Scouting studies with Zr-radiolabeled trastuzumab may provide 
information regarding tumor uptake in comparison to critical normal organs allowing for maximal 
tumor targeting while minimizing normal tissue toxicity. Thus, ^^Zr-trastuzumab imaging can provide 
this information in an efficient and safe manner, with fewer patients treated at a suboptimal dose. 

4. Conclusions 

The jp-isothiocyanatobenzyl derivative of desferrioxamine B was utilized for radiolabeling of 
trastuzumab. Although beyond the scope of this study, this two-step procedure may be easily applied 
to preparation of ^^Zr-radiolabeled trastuzumab for clinical use. Biodistribution and imaging studies 
demonstrated comparable results to those previously reported with the succinylated deravitave of 
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desferrioxamine used in preparation of ^^Zr-trastuzumab. ^^Zr-trastuzumab PET imaging is a non-invasive 
method for characterizing HER2 expression in primary and distant lesions. This information may be 
useful in selecting patients that benefit most from trastuzumab therapy. 

Acknowledgments 

R.D. and S.J. were supported by DOE Integrated Research Training Program of Excellence in 
Radiochemistry (DE-SC0002032). We would like to thank Hong Yan and Dawn Waterhouse of 
the British Columbia Cancer Agency (Vancouver, BC, Canada) who kindly provided the 
MDA435/LCC6™^™'"= and MDA435/LCC6^^'°'" cell lines. 

Conflict of Interest 

The authors declare no conflict of interest. 
References and Notes 

1. Citri, A.; Yarden, Y. EGF-ERBB signalling: Towards the systems level. Nat. Rev. Mol. Cell Biol. 
2006, 7,505-516. 

2. Slamon, D.J.; Clark, G.M.; Wong, S.G.; Levin, W.J.; Ullrich, A.; McGuire, W.L. Human breast 
cancer: Correlation of relapse and survival with amplification of the HER-2/neu oncogene. 
Science \9%1, 235, 177-182. 

3. Slamon, D.J.; Godolphin, W.; Jones, L.A.; Holt, J.A.; Wong, S.G.; Keith, D.E.; Levin, W.J.; 
Stuart, S.G.; Udove, J.; Ullrich, A.; et al. Studies of the HER-2/neu proto-oncogene in human 
breast and ovarian cancer. Science 1989, 244, 707-712. 

4. Ignatiadis, M.; Desmedt, C; Sotiriou, C; de Azambuja, E.; Piccart, M. HER-2 as a target for 
breast cancer therapy. Clin. Cancer Res. 2009, 15, 1848-1852. 

5. Whenham, N.; D'Hondt, V.; Piccart, M.J. HER2-positive breast cancer: From trastuzumab to 
innovatory anti-HER2 strategies. Clin. Breast Cancer 2008, 8, 38^9. 

6. Banerjee, S.; Smith, I.E. Management of small HER2-positive breast cancers. Lancet Oncol. 
2010, 11, 1193-1199. 

7. Goel, S.; Chirgwin, J.; Francis, P.; Stuart-Harris, R.; Dewar, J.; Mileshkin, L.; Snyder, R.; 
Michael, M.; Koczwara, B. Rational use of trastuzumab in metastatic and locally advanced breast 
cancer: Implications of recent research. Breast 2011, 20, 101-1 10. 

8. Guameri, V.; Barbieri, E.; Dieci, M.V.; Piacentini, F.; Conte, P. Anti-HER2 neoadjuvant and 
adjuvant therapies in HER2 positive breast cancer. Cancer Treat. Rev. 2010, 36, S62-S66. 

9. Cobleigh, M.A.; Vogel, C.L.; Tripathy, D.; Robert, N.J.; SchoU, S.; Fehrenbacher, L.; Wolter, J.M.; 
Paton, v.; Shak, S.; Lieberman, G.; et al. Multinational study of the efficacy and safety of 
humanized anti-HER2 monoclonal antibody in women who have HER2-overexpressing metastatic 
breast cancer that has progressed after chemotherapy for metastatic disease. J. Clin. Oncol. 1999, 
77,2639-2648. 



Pharmaceuticals 2012, 5 



91 



10. Dawood, S.; Broglio, K.; Buzdar, A.U.; Hortobagyi, G.N.; Giordano, S.H. Prognosis of women 
with metastatic breast cancer by HER2 status and trastuzumab treatment: An institutional-based 
review. J. Clin. Oncol. 2010, 28, 92-98. 

11. Slamon, D.J.; Leyland- Jones, B.; Shak, S.; Fuchs, H.; Paton, V.; Bajamonde, A.; Fleming, T.; 
Eiermann, W.; Wolter, J.; Pegram, M.; et al. Use of chemotherapy plus a monoclonal antibody 
against HER2 for metastatic breast cancer that overexpresses HER2. N. Engl. J. Med. 2001, 344, 
783-792. 

12. Esteva, F.J.; Yu, D.; Hung, M.C.; Hortobagyi, G.N. Molecular predictors of response to 
trastuzumab and lapatinib in breast cancer. Nat. Rev. Clin. Oncol. 2010, 7, 98-107. 

13. Wolff, A.C.; Hammond, M.E.; Schwartz, J.N.; Hagerty, K.L.; AUred, D.C.; Cote, R.J.; Dowsett, M.; 
Fitzgibbons, P.L.; Hanna, W.M.; Langer, A.; et al. American Society of Clinical Oncology/College 
of American Pathologists guideline recommendations for human epidermal growth factor receptor 2 
testing in breast cancer. Arch. Pathol. Lab. Med. 2007, 131, 18-43. 

14. Moelans, C.B.; de Weger, R.A.; van der Wall, E.; van Diest, P.J. Current technologies for HER2 
testing in breast cancer. Crit. Rev. Oncol. Hematol. 2011, 80, 380-392. 

15. Rasbridge, S.A.; Gillett, C.E.; Seymour, A.M.; Patel, K.; Richards, M.A.; Rubens, R.D.; Milhs, R.R. 
The effects of chemotherapy on morphology, cellular proliferation, apoptosis and oncoprotein 
expression in primary breast carcinoma. Br. J. Cancer 1994, 70, 335-341. 

16. van de Ven, S.; Smit, V.T.; Dekker, T.J.; Nortier, J.W.; Kroep, J.R. Discordances in ER, PR and 
HER2 receptors after neoadjuvant chemotherapy in breast cancer. Cancer Treat. Rev. 2011, 37, 
422^30. 

17. Guameri, V.; Giovannelli, S.; Ficarra, G.; Bettelli, S.; Maiorana, A.; Piacentini, F.; Barbieri, E.; 
Dieci, M.V.; D'Amico, R.; Jovic, G.; et al. Comparison of HER-2 and hormone receptor 
expression in primary breast cancers and asjoichronous paired metastases: Impact on patient 
management. Oncologist 1^^%, 13, 838-844. 

18. Solomayer, E.F.; Becker, S.; Pergola-Becker, G.; Bachmann, R.; Kramer, B.; Vogel, U.; 
Neubauer, H.; Wallwiener, D.; Huober, J.; Fehm, T.N. Comparison of HER2 status between primary 
tumor and disseminated tumor cells in primary breast cancer patients. Breast Cancer Res. Treat. 
2006, 98, 179-184. 

19. Zurrida, S.; Montagna, E.; Naninato, P.; CoUeoni, M.; Goldhirsch, A. Receptor status (ER, PgR 
and HER2) discordance between primary tumor and locoregional recurrence in breast cancer. 
Ann. Oncol. 2011, 22, 479-480. 

20. Sekido, Y.; Umemura, S.; Takekoshi, S.; Suzuki, Y.; Tokuda, Y.; Tajima, T.; Osamura, R.Y. 
Heterogeneous gene alterations in primary breast cancer contribute to discordance between 
primary and asynchronous metastatic/recurrent sites: HER2 gene amplification and p53 mutation. 
Int. J. Oncol. 2003, 22, 1225-1232. 

21. Lear-Kaul, K.C.; Yoon, H.R.; Kleinschmidt-DeMasters, B.K.; McGavran, L.; Singh, M. Her-2/neu 
status in breast cancer metastases to the central nervous system. Arch. Pathol. Lab. Med. 2003, 
127, 1451-1457. 

22. Niu, G.; Li, Z.; Cao, Q.; Chen, X. Monitoring therapeutic response of human ovarian cancer to 
17-DMAG by noninvasive PET imaging with (64)Cu-DOTA-trastuzumab. Eur. J. Nucl. Med. 
Mol. Lmaging 2009, 36, 1510-1519. 



Pharmaceuticals 2012, 5 



92 



23. Milenic, D.E.; Wong, K.J.; Baidoo, K.E.; Nayak, T.K.; Regino, C.A.; Garmestani, K.; 
Brechbiel, M.W. Targeting HER2: A report on the in vitro and in vivo pre-clinical data supporting 
trastuzxunab as a radioimmunoconjugate for clinical trials. MAbs 2010, 2, 550-564. 

24. Capala, J.; Bouchelouche, K. Molecular imaging of HER2 -positive breast cancer: A step toward 
an individualized 'image and treat' strategy. Curr. Opin. Oncol. 2010, 22, 559-566. 

25. Oude Munnink, T.H.; Korte, M.A.; Nagengast, W.B.; Timmer-Bosscha, H.; Schroder, CP.; 
Jong, J.R.; Dongen, G.A.; Jensen, M.R.; Quadt, C; Hooge, M.N.; et al. Zr-trastuzumab PET 
visualises HER2 downregulation by the HSP90 inhibitor NVP-AIJY922 in a human tumour 
xenograft. Eur. J. Cancer 2010, 46, 678-684. 

26. Wong, J.Y.; Raubitschek, A.; Yamauchi, D.; Williams, L.E.; Wu, A.M.; Yazaki, P.; Shively, J.E.; 
Colcher, D.; Somlo, G. A pretherapy biodistribution and dosimetry study of indium-1 1 1 -radiolabeled 
trastuzumab in patients with human epidermal growth factor receptor 2-overexpressing breast 
cancer. Cancer Biother. Radiopharm. 2010, 25, 387—394. 

27. McCabe, K.E.; Wu, A.M. Positive progress in immunoPET — ^Not just a coincidence. Cancer 
Biother. Radiopharm. 2010, 25, 253-261. 

28. Dijkers, E.G.; Oude Munnink, T.H.; Kosterink, J.G.; Brouwers, A.H.; Jager, P.L.; de Jong, J.R.; 
van Dongen, G.A.; Schroder, C.P.; Lub-de Hooge, M.N.; de Vries, E.G. Biodistribution of 

Zr-trastuzumab and PET imaging of HER2 -positive lesions in patients with metastatic breast 
cancer. Clin. Pharmacol. Ther. 2010, 87, 586-592. 

29. Hoeben, B.A.; Kaanders, J.H.; Franssen, G.M.; Troost, E.G.; Rijken, P.P.; Oosterwijk, E.; 

QQ 

van Dongen, G.A.; Oyen, W.J.; Boerman, O.C.; Bussink, J. PET of hypoxia with Zr-labeled 
cG250-F(ab')2 in head and neck tumors. J. Nucl. Med. 2010, 51, 1076-1083. 

30. Borjesson, P.K.; Jauw, Y.W.; de Bree, R.; Roos, J.C.; Castelijns, J.A.; Leemans, C.R.; 

SO 

van Dongen, G.A.; Boellaard, R. Radiation dosimetry of Zr-labeled chimeric monoclonal 
antibody U36 as used for immuno-PET in head and neck cancer patients. J. Nucl. Med. 2009, 50, 
1828-1836. 

31. Aerts, H.J.; Dubois, L.; Perk, L.; Vermaelen, P.; van Dongen, G.A.; Wouters, B.G.; Lambin, P. 
Disparity between in vivo EGFR expression and Zr-labeled cetuximab uptake assessed with 
PET. /. Nucl. Med 2009, 50, 123-131. 

32. Nagengast, W.B.; de Vries, E.G.; Hospers, G.A.; Mulder, N.H.; de Jong, J.R.; HoUema, H.; 
Brouwers, A.H.; van Dongen, G.A.; Perk, L.R.; Lub-de Hooge, M.N. In vivo VEGF imaging with 
radiolabeled bevacizumab in a human ovarian tumor xenograft. J. Nucl. Med. 2007, 48, 1313-1319. 

33. Verel, I.; Visser, G.W.; Boellaard, R.; Stigter-van Walsum, M.; Snow, G.B.; van Dongen, G.A. 
^^Zr immuno-PET: Comprehensive procedures for the production of **^Zr-labeled monoclonal 
antibodies. J. Nucl. Med 2003, 44, 1271-1281. 

34. Perk, L.R.; Vosjan, M.J.; Visser, G.W.; Budde, M.; Jurek, P.; Kiefer, G.E.; van Dongen, G.A. 
/'-Isothiocyanatobenzyl-desferrioxamine: A new bifunctional chelate for facile radiolabeling of 
monoclonal antibodies with zirconium-89 for immuno-PET imaging. Eur. J. Nucl. Med. Mol. Imaging 
2010, 37, 250-259. 

35. Vosjan, M.J.; Perk, L.R.; Visser, G.W.; Budde, M.; Jurek, P.; Kiefer, G.E.; van Dongen, G.A. 
Conjugation and radiolabeling of monoclonal antibodies with zirconium-89 for PET imaging using 
the bifijnctional chelate /7-isothiocyanatobenzyl-desferrioxamine. Nat. Protoc. 2010, 5, 139-1 A3. 



Pharmaceuticals 2012, 5 



93 



36. Holland, J.P.; Sheh, Y.; Lewis, J.S. Standardized methods for the production of high specific-activity 
zircomum-89. Nucl Med. Biol 2009, 36, 729-739. 

37. Lindmo, T.; Boven, E.; Cuttitta, F.; Fedorko, J.; Bunn, P.A., Jr. Determination of the immunoreactive 
fraction of radiolabeled monoclonal antibodies by linear extrapolation to binding at infinite 
antigen excess. J. Immunol. Methods 1984, 72, 77-89. 

38. Chanda, D.; Isayeva, T.; Kumar, S.; Siegal, G.P.; Szafran, A.A.; Zinn, K.R.; Reddy, V.V.; 
Ponnazhagan, S. Systemic osteoprotegerin gene therapy restores tumor-induced bone loss in a 
therapeutic model of breast cancer bone metastasis. Mol. Ther. 2008, 16, 871-878. 

39. Holland, J.P.; Caldas-Lopes, E.; Divilov, V.; Longo, V.A.; Taldone, T.; Zatorska, D.; Chiosis, G.; 
Lewis, J.S. Measuring the pharmacodjoiamic effects of a novel Hsp90 inhibitor on HER2/neu 
expression in mice using Zr-DFO-trastuzumab. PLoS One 2010, 5, e8859. 

40. Dijkers, E.C.; Kosterink, J.G.; Rademaker, A.P.; Perk, L.R.; van Dongen, GA.; Bart, J.; de Jong, J.R.; 
de Vries, E.G.; Lub-de Hooge, M.N. Development and characterization of clinical-grade 
^'^Zr-trastuzumab for HER2/neu immunoPET imaging. J. Nucl. Med. 2009, 50, 974-981. 

41. di Cosimo, S.; Baselga, J. Management of breast cancer with targeted agents: Importance of 
heterogeneity, [corrected]. A^aZ^. Rev. Clin. Oncol. 2010, 7, 139-147. 

42. Bartlett, A.I.; Starcyznski, J.; Robson, T.; Maclellan, A.; Campbell, F.M.; van de Velde, C.J.; 
Hasenburg, A.; Markopoulos, C; Seynaeve, C; Rea, D.; et al. Heterogeneous HER2 gene 
amplification: Impact on patient outcome and a clinically relevant definition. Am. J. Clin. Pathol. 
2011, 136, 266-21 A. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 
distributed under the terms and conditions of the Creative Commons Attribution license 
(http://creativecommons.Org/licenses/by/3.0/). 



